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ABSTRACT 

The design and construction of an apparatus capable of bombarding 

+ + semiconducting materials with H , He+, and Ar 

i s  discussed. Measurements of the junction characterist ics of metal- 

semiconductor point-contact diodes fabricated from He 

a t  energies up t o  30 KeV 

+ bombarded s i l icon 

and gallium-arsenide are presented and compared t o  a 1N53 cartridge 

diode a t  the frequency of 35 GHz. The effects  of various junction 

forming techniques on both the I-V characterist ics and the conversion 

loss  were investigated. It was found tha t  e lec t r ica l ly  formed junctions 

on gallium-arsenide u t i l i z ing  a copper alloy whisker were stable and 

exhibited repeatable conversion losses a t  35 GHz. While mechanical or 

pressure forming produced the best  resu l t s  on the unbombarded silicon, 

an e lec t r ica l  forming technique u t i l i z ing  a current limiting res i s tor  a t  

the reverse breakdown voltage was found t o  improve the performance of He + 

bombarded sil icon. The conversion loss of the point-contact s i l icon 

mixers was found t o  be considerably higher than the best  1N53 mixer, probably 

because of the low doping level  OP the P-type s i l icon material and incomplete 

surface treatment. 

conversion losses s l ight ly  be t te r  than the 1x53 diode even though measurements 

of t he i r  spreading resistances indicated a moderately l a w  doping level. 

consistently lawer conversion loss was obtained for the junctions u t i l i z ing  

The best  gallium-arsenide mixers were found t o  have 

A 

+ He bombarded s i l icon a t  10 KeV although no improvement could be found for 
+ He bombarded gallium-arsenide. These preliminary results suggest the need 

for further research t o  determine the specific physical phenomena responsible 

fo r  the change i n  characterist ics of mixers employing ion-bombarded 
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semiconductors, and i f  these phenomena, once identified,  can be used t o  

lower the conversion loss or increase the s t ab i l i t y  of m i l l i m e t e r  wave 

mixers. 
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I. INTRODUCTION 

Since World War I1 there has been a steady ef for t  t o  extend microwave 

The frequencies of the millimeter wave- technology t o  higher frequencies. 

length region make it possible t o  consider systems of unusually high angular 

resolution w i t h  antennas of manageable size. Components themselves are 

reduced i n  size and weight so tha t  it i s  also easier  t o  design l ight ,  compact 

systems fo r  applications where t h i s  i s  a factor. In  terms of communication 

links, the potential  modulation bandwidth i s  greater fo r  the millimeter 

region than fo r  lower frequencies. 

For radiometric observations, the millimeter region i s  very interesting 

because it encompasses the molecular rotational transit ions of various gases. 

Oxygen, fo r  example, has a cluster of 24 l ines  tha t  occur near 60 GHz. 

scanning from above the earth 's  atmosphere, a millimeter radiometer w i l l  

reveal some f i f t y  degrees temperature difference between the peak of an 

oxygen l ine  frequency and a non-resonant frequency, thus i l l u s t r a t ing  the 

u t i l i t y  of the millimeter radiometer fo r  remote atmospheric probing. 

vapor, the methane series, ozone, ammonia, nitrous oxide, and sulfur dioxide 

are but a few planetary atmospheric gases that have strong characterist ic 

absorption spectra i n  t h i s  frequency region which may lend t o  radiometric 

identification. 

When 

Water 

Components are currently available fo r  coverage of the ent i re  30 t o  100 

GHz part  of the millimeter spectrum, as  are klystron and backward wave sources. 

A communications or radiometric superheterodyne receiver can be implemented 
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with re la t ive  simplicity f o r  the region, but t o  date sensi t ivi ty  comparable 

t o  tha t  available i n  the microwave region i s  d i f f i c u l t  t o  obtain because of 

the problems associated with the millimeter mixer diodes. 

the atmospheric window near 95 GHz, mixer conversion lo s s  presently i s  about 

7 C6 higher than ideal, and 5 a;B higher than good low frequency point-contact 

diode mixers f o r  f i e l d  type conditions. 

version l o s s  diodes i s  small and the shelf l i f e  i s  unpredictable and some- 

times very short. A highly doped point-contact mixer can deteriorate i n  a 

matter of hours i f  care i s  not taken t o  prevent oxidation of the junction 

area. 

For example, i n  

In  addition, the yield f o r  low con- 

The design of mixer diodes with proper impedance match t o  both the RF 

structure and the IF amplifier has been sa t i s fac tor i ly  solved by Meredith 

1 and Warner of the Royal Radar Establishment-Malvern , and by Cohn, e t  al., 

of ADTEC. 

meter receivers i n  the near future w i l l  r esu l t  from improved diode materials. 

Two similar directions being pursued t o  achieve t h i s  end are the "hot-carrier'' 

diode research and the Schottky Barrier epi taxial  diode investigations by 

Harrison of wlvania3 and Young a t  Bell  Labs , respectively. 

t i ve  approach, which i s  the subject of t h i s  report, i s  the investigation of 

particle-bombarded diodes. 

2 Therefore, it appears tha t  the greatest  improvement i n  m i l l i -  

4 Another a t t rac-  

Oh1 of Bel l  Laboratories reported work, prior  t o  his retirement around 

1960, on the posit ive ion bmardment of s i l icon diodes for millimeter wave 

harmonic generation. 5 r  6y Various positive ions ranging i n  energies from a 

f e w  hundred t o  80,000 electron vol t s  were t r i ed  on various dopings of si l icon. 

A s  an example of the r e su l t s  obtained by Ohl, i r radiat ion of high puri ty  P-type 
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si l icon with 0.002% boron doping resulted i n  a t  least an order of magnitude 

power increase fo r  higher harmonics over that normally obtained with s i l icon 

diodes. 

erated t o  30 KV w i t h  a t o t a l  dosage of 300-400 pcoulombs/cm . 
of video detectors has a l so  been noted. 

The bonibarding par t ic les  i n  t h i s  case were phosphorous ions accel- 
2 Improvement 

8 Carbon ions from 1 t o  5 KV irradiating 

0.02% boron-doped s i l icon gave be t t e r  results f o r  video detectors than did the 

lower percentage boron-doped s i l icon bonibarded with phosphorous ions t h a t  were 

successful harmonic generators. The characterist ics of millimeter wave mixers 

fabricated from helium-borribarded s i l icon has been reported by Peti t .g Although 

the conversion lo s s  was found t o  l i e  between 9 and 12 dJ3 a t  70 GHz, remarkable 

s t ab i l i t y  was noted under any storage conditions. 

The typical point-contact junction used i n  millimeter wave diode devices 

i s  often unstable; tha t  is, even while s i t t i ng  on the laboratory shelf, the 

diode characterist ics w i l l  change significantly Over a relat ively short time. 

An explanation of t h i s  behavior l i e s  par t ly  i n  the tendency f o r  the semicon- 

ductor surface oxidation t o  increase w i t h  increasing dopant concentration. 

The highly doped semiconductor a l s o  causes a reduced bar r ie r  w i d t h  which 

encourages tunneling. 

used i n  point-contact junctions resulted i n  a long-term stable contact tha t  

could not otherwise be obtained. Ion bombardment creates a th in  surface 

layer whose r e s i s t i v i ty  can be made considerably higher than the bulk 

r e s i s t i v i ty  of the semiconductor material. The increased d i d e  s t ab i l i t y  

probably resu l t s  from the inhibition of surface oxides caused by the l o w  

conductivity surface layer, and the s t ab i l i t y  of the damage centers and 

Both Oh1 and p e t i t  noted tha t  the irradiated materials 

dopant prof i le  created by the ion bonibardment. Others have used irradiated 
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s i l ica ,  supplied by Ohl, fo r  both video detection and harmonic generation 

w i t h  greatly improved resu l t s  Over conventional materials. 1 0 , l l  

This report concerns the design and constructicm of an ion bombardment 

apparatus and the results of conversion loss  measurement made on helium bom- 

barded s i l icon and gallium-arsenide mixers at 35 GHz. 

apparatus was  designed specif ical ly  f o r  the i r rad ia t ion  of post mounted semi- 

conductor wafers w i t h  singly ionized hydrogen, helium or argon a t  energies 

up t o  30 KeV. 

The ion bambardment 

The primary orientation of t h i s  grant w a s  t o  se t  up an ion bombardment 

apparatus, es tabl ish reproducible and accurate millimeter wave conversion lo s s  

measurement techniques and t o  make a preliminary evaluation of the performance 

of a millimeter wave mixer u t i l i z ing  ion-bombarded s i l icon  and gallium 

arsenide. 

evaluation confined t o  helium bombarded wafers. The data included i n  t h i s  

report represent a typical sampling for each mixer type and i n  most cases may 

be t reated i n  terms of a small number approximation t o  Gaussian s t a t i s t i c s .  

All the above goals were accomplished w i t h  the preliminary mixer 
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11. ION BOMBARDMEXL! APPARATUS 

The experimental apparatus which w a s  used t o  bombard the s i l icon and 

gallium-arsenide wafers with high energy positive ions i s  shown i n  Figure 1. 

The ion generator consists of an Ortec Model 320 RF ion source which i s  

capable of generating and extracting positive ions t o  mass 40 w i t h  a maximum 

energy of 5 Kev. Gas i s  enritted from a controlled leak in to  the ion source 

base where an intense plasma i s  created i n  the anode region by the f i e l d  of 

an RF osc i l la tor  and the dc f i e l d  of the magnet coi l .  

by electron col l is ion w i t h  neutral  gas atoms and the available current i s  

approximately inversely proportional t o  the square root of the mass. Typical 

ion currents would be about 1 mA f o r  H and 150 pA for A r  . 

Ionization proceeds 

+ 3- 

Positive ions extracted from the source are accelerated and focused by 

The gas pressure a gap-Einzel lens system which follows the RF ion source. 

confronting the extracted beam i s  controlled by a four-inch diffusion pump 

connected t o  the side arm of the glass cross following the Einzel lens 

assembly. Operating pressure i n  the extractor lens  and glass cross i s  about 

1.5 microns as  contrasted w i t h  the  source pressure of about 35 microns. The 

ion source i s  used i n  a permanent ins ta l la t ion  w i t h  other experiments employing 

singly ionized hydrogen as  the bonibarding particle.  A dual gas supply i s  em- 

ployed for convenience of operation a t  the expense of some contamination of 

the ion beam f o r  different  experiments. 

appended t o  the ion source f o r  other experiments and served i n  addition the 

useful function of analyzing the par t ic le  content of the ion beam. 

A mass analyzer was permanently 

If future 
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work is  in i t ia ted ,  a coqlementary port w i l l  be ins ta l led  providing a mono- 

energetic ion beam f o r  use i n  the bombardment of the semiconductor wafers. 

The bombardment chamber i s  connected t o  the beam analyzer through a high 

vacuum s l ide  valve so tha t  the i r radiated samples may be retrieved without 

cycling the en t i re  system. 

inch diffusion pumlp connected t o  the chamber sidearm. 

A photograph of the sample holder and ion source i s  shown i n  Figure 2. 

The sample holder i s  made t o  accommodate post mounted semiconductor wafers. 

The beam cross section incident on the semiconductor i s  defined by two aper- 

tures. The first aperture confines the ion beam t o  a circular  cross section 

of about 1.8 cm and prevents ions from entering the area behind the s-le 

holder assembly. A second aperture i n  the sample holder cap l i m i t s  the ion 

beam t o  a cross section of 0.n em on the surface of the disc containing the 

post mounted semiconductor wafers. 

discs of the assembly i n  such a manner tha t  the surface of the wafer i s  f lush 

w i t h  the outer disc and presents a smooth planar surface t o  the ion beam. 

Two s a w  cuts are made at r ight  angles through the center of each disc and the 

four pieces of the disc are insulated from each other by a th in  s t r i p  of 

my-lar. The ion current i s  conducted from each quarter disc  by w i r e s  running 

through the supporting tube and disc assembly t o  four high vacuum feed- 

throughs mounted on the sample holder end plate,  

details of the sample holder construction i s  shown i n  Figure 3 .  

Back p q i n g  of the chamber i s  provided by a two- 

2 

2 

The posts are pressed in to  the two front  

A drawing i l l u s t r a t ing  the 

An electrometer i s  connected t o  each terminal t o  determine the ion density 

on the four quarter plates.  Secondary electron emission from the target  disc  
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i s  controlled by the application of a retarding potent ia l  between the disc  

and the sample holder cap. 

T”ne target  sample holder provides f o r  simultaneous barnbardment of four 

semiconductor wafers and the measurement of beam homogeneity Over a small 

area near the beam center. Bornbardment of a single wafer i s  accomplished by 

f i l l i n g  the remaining holes i n  the target  disc with blank posts. 

current was selected t o  give the highest percentage of He 

and the bombardment time was calculated t o  give a t o t a l  dose of 300 pcoul/cm-2. 

In  a homogeneous ion beam t h i s  represents approximately one ion per l a t t i c e  

s i t e  on the s i l icon surface whose nearest neighbor distance i s  approximately 

2.3 A. 
energies emplqed i n  the bombardment of the s i l icon and gallium arsenide 

wafers. 

5, 10, and 20 Kev but only 43$ for the 1 5  KeV beam. 

urable amount of H 

hydrogen i n  the ion source. This was not considered serious since the 

effects  of bonibardment by H+ and He+ have been shown by O h 1  

The current corresponding t o  the %+, He++ have the same charge t o  mass ra t io .  

It i s  reasonably certain, however, tha t  the He component i s  larger  i n  view of 

the small amount of E present and the small ionization probability associated 

The ion 
+ i n  the ion beam, 

An analysis of the ion beam content i s  given i n  Table I f o r  the ion 

+ The percentage of He i n  the t o t a l  ion beam i s  between 60 and 70 f o r  

The presence of a meas- 

+ + and a large H component indicates contamination w i t h  3 

7 t o  be very similar. 

++ 
+ 

4- w i t h  the  formation of H2 

placing a Faraday cup on the mass analyzer port, and are different  from the 

currents collected a t  the target  holder; however, the r a t i o  of the various 

species are the same a t  either location. 

The ion currents l i s t e d  i n  Table I were obtained by 

10 



T A B U  I 

I O N  t7UESBT AS A FCTNCTION OF ION ENERGY FOR THE 

VARIOUS S P E C I E S  COMPRISING THE TOTAL I O N  BEAM 

Ion C u r r e n t  (IJA) 
Ion Species 5 KeV 10 KeV 15 KeV 20 KeV 

He+ 0.63 0.90 1.30 0.70 

< 0.01 < 0.01 0.10 < 0.01 H3+ 

H2+, He++ 0.35 0.50 0.95 0.26 

H+ 0.01 0.05 0.70 0.01 

T o t a l  Ion 
C u r r e n t  ( p ~ )  0.99 1.45 

Percentage of He+ 
i n  Ion B e a m  ('$) 63 62 

3 *05 0.97 

43 72 
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111. FOFMATION OF POINT-CONTACT RECTIFYING JUNCTIONS 

ON SILICON AND GAIJXUM-ARSEN~X 

The techniques of forming millimeter wave point-contact rectifying 

junctions have received a broad coverage i n  the l i t e ra ture .  12-18 These 

techniques may be divided roughly in to  two categories: mechanical forming 

and e l ec t r i ca l  forming. The objective of the fom%ng process i s  t o  create 

a bar r ie r  layer between two materials of different  work functions. To 

accomplish th i s  objective both the metal whisker and the semiconductor 

wafer must be prepared such tha t  mechanical imperfections, surface oxidation, 

and bulk impurities are minimized. 

l y t i ca l ly  and etched t o  remove any oxide coating before the junction contact 

i s  formed. The surface of the semiconductor i s  ground f la t  and optically 

polished t o  insure a small area contact. 

etched t o  remove any oxide formation, 

In a mechanical forming process, the proper junction characterist ics 

The metal whisker i s  pointed electro- 

The semiconductor surface i s  a l so  

are obtained by applying the correct force t o  the whisker contact. The 

diameter of the whisker-wire i s  determined largely by the force required t o  

form the junction, and the whisker i s  made w i t h  a loop near i t s  base t o  

prevent damage t o  the point. 

the whisker-wire diameter is usually chosen t o  be 1-5 m i l s  whi le  the  contact 

force is  approximately 10-20 grams. The optimum pressure i s  a compromise 

between good e l ec t r i ca l  properties which occur at  the lower pressures and 

good s t ab i l i t y  which i s  obtained a t  the  higher pressures. The technique of 

For operation i n  the millimeter wave region, 
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mechanical shock or  tftappingt119 i s  sometimes employed t o  enhance the 

pressure contact. In  t h i s  process the whisker i s  brought i n to  ohmic con- 

t a c t  w i t h  the semiconductor and tapped l i g h t l y  while observing the dc 

character is t ics  displayed on an oscilloscope. 

high leve l  of experience t o  achieve consistent resul ts ,  since the whisker 

point i s  eas i ly  bent, and the semiconductor wafer can be caused t o  crack if 

a grain boundary or other imperfection runs across the surface. 

This technique requires a 

Electr ical  forming i s  usually accomplished by passing a ser ies  of 

current pulses through the junction i n  the forward direction. 

i t i v e  discharge source i s  eaployed, the peak current and pulse duration are 

controlled by the amount of stored charge and the RC time constant of the 

discharge c i rcu i t .  The current density at  the point i s  very high for  a 

supply voltage which exceeds the forward breakdown, and burnout may result 

unless a current l imiting r e s i s to r  i s  employed. The e f fec ts  of e l ec t r i ca l  

forming vary greatly depending on the composition of the metal and semi- 

conductor materials. The major e f fec t  on the s i l i con  mixer, which employs 

a tungsten whisker, seems t o  be the creation of a clean junction result ing 

from the melting of a small par t  of the whisker point and i t s  adjacent semi- 

conductor contact; however, reverse forming has prduced some unusual e f fec ts  

which w i l l  be discussed i n  Section m. 

If a capac- 

The e lec t r ica l ly  formed or "welded" 

junction produces a quite different  effect  i n  the gallium-arsenide mixer. 

Welding a copper a l loy w i r e  such as  phospor-bronze or gold-copper t o  an 

N-%y-pe gallium-arsenide wafer r e su l t s  i n  the diffusion of copper in to  the 

junction area. 

tha t  a planar P-N junction is  created provided the amount of copper i n  the 

Since copper i s  an acceptor i n  gallium-arsenide it i s  thought 



whisker exceeds several percent. If t h i s  supposition i s  true,  the whisker 

wire serves as simply an e l ec t r i ca l  lead from the planar junction, and a very 

stable diode i s  formed. 

Indication of correct junction formation i s  usually given by a charac- 

t e r i s t i c  relationship between the dc junction current and the forward and 

reverse junction voltage. However, since the properties depend strongly 

on the junction capacitance and hence the contact area, achieving the proper 

de character is t ics  i s  a necessary but not a suff ic ient  condition f o r  obtaining 

good RF performance. The relationship between the dc character is t ics  and 

conversion lo s s  w i l l  be discussed i n  Section V. 

Figure 4 shows the dc character is t ics  of several 1x53 diodes of widely 

different  age. The 1x53 diode i s  a point contact junction device fabricated 

from a tungsten whisker and a P-doped s i l icon wafer. It is  designed f o r  

operation i n  the frequency region of 35 GHz and was chosen as  a basis of 

canparison for the point-contact s i l icon mixers constructed during th i s  

research e f for t .  It i s  evident from Figure 4 t ha t  shelf l i f e  can have a 

degrading effect  on the junction properties. This i s  due i n  par t  t o  the 

formation of oxide coatings on both the m e t a l  whisker and the semiconductor 

surface, and the in s t ab i l i t y  of diffusion-doped semiconductors a t  the surface 

layer. An enlarged log-linear plot  of the dc character is t ic  of a new 1x53 

mixer diode is  shown i n  Figure 5. Both the diode and diffusion theories of 

rec t i f ica t ion  predict  a forward I - V  character is t ic  of the form 

I 

the junction voltage, and A and a are constants. ' 'J where I is  the current 

14 
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0.5 V/div 0.5 V/div 

Amlied RF Power = 1.0 mW Amlied RF Power = 1.0 mW 
New 1x53 Diode 1 N 5 3  w 3 years old 

0.5 V/div 

Applied RF Power = 1.0 mW 

0 a 5 V/div 

Applied RF Power = 1.0 mW 
1 ~ 5 3  7 years old 1 ~ 5 3  M 7 years old 

Figure 4. Oscillographs of the I-V Characteristics of Several 
l N 5 3  Diodes Showing Aging Properties 
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The voltage applied t o  the r e c t i f i e r  leads i s  greater t 

i n  contact spreading resistance r plus t 

usually much smaller than rs. For a circ 

spreading resistance i s  given by 

S 

1 
r = 4 a a  S 

where (J i s  the conductivity of the semiconductor. 

t o  the forward I - V  character is t ic  i n  Figure 5, the constants are: 

A = 1 . 5 8 ~  amp, a = 16.7 vol t s  , and r = 40 ohms. 

If equation (1) is  f i t t e d  

-1 
S 

The constants may be expressed i n  terms of the physical parameters 
18 

of the junction and the properties of the diode materials. 

e 
kT 

a = - - - - .  (4) 

The symbols i n  equation (2) and (3) are defined as follows: 

a = radius of whisker contact (em) 

N = car r ie r  density (cm ) 

e = charge on an electron (1.602 x lom9 coulomb) 

T = temperature (OK) 

v = average car r ie r  tirift velocity (cm/sec ) 

-3 

- -1 

= height of barrier (volts)  
$0 

k = Boltzman's constant 

A t  room temperature, equation (4) predicts that a w i l l  be 39 volts-'. 

has generally been found tha t  a l i e s  'between 10 and 30 volts-' f o r  s i l icon 

It 



diodes. Several theories have been advanced t o  explain this discrepancy. 

One i s  the multicontact theory of year iago,  while Culter21 has attempted 

an explanation based on the  surface layer drop theory. 

of reconciling the rec t i f ica t ion  theory and the experimental evidence was  

attempted by gethe.22 W i l e  none of these attempts has been completely 

successful, it has been shown tha t  a perfect area junction does not ex is t  

between the point of the whisker and the semiconductor surface. 

The overall  problem 

The point-contact mixers studied i n  th i s  research program were formed 

on aluminum-doped s i l icon and tellurium-doped gallium-arsenide. 

"run-in" mixer w a s  employed w i t h  the whisker mounted so that it extends 

ver t ica l ly  in to  the waveguide through the top wall and the semiconductor 

wafer mounted i n  a d i f f e ren t i a l  screw so that  it extends in to  the waveguide 

through the opposite wall. 

the d i f f e ren t i a l  screw u n t i l  contact i s  established between the pointed 

whisker wire and the surface of the wafer. The point of contact i s  made a t  

a position ju s t  above the bottom w a l l  of the waveguide. 

attaching the s i l icon and gallium-arsenide t o  the brass post are  different.  

Nickel i s  electroplated onto one side of the roughly polished s i l icon wafer 

so tha t  it may be soldered t o  the mounting post while the gallium-arsenide 

wafer i s  attached w i t h  a conducting s i lver  epoxy cement. 

of the surface i s  performed a f t e r  the wafer i s  attached t o  the post. 

A graph of the I-V character is t ics  fo r  a typical s i l icon mixer i s  shown 

A standard 

The rectifying junction i s  formed by advancing 

The means of 

The f i n a l  polishing 

i n  Figure 6. A tungsten whisker was used because i t s  work function and 

mechanical properties are  complementary t o  the P-type sil icon. It was found 

18 





t ha t  mechanical forming alone produced the best results. 

forming did not significantly improve the forward or reverse character- 

i s t i c s  and usually ended i n  burnout a t  a leve l  of about 4-6 volts.  A 

comparison of Figures 5 and 6 shows the reverse current t o  be several 

orders of magnitude higher than f o r  the 1 N 5 3  diode. In  addition, the 

forward break point or  "knee" i s  not sharp but r i s e s  i n  a continuous arc. 

It was f e l t  tha t  t h i s  behavior w a s  probably due t o  surface contamination 

of the si l icon. P-doped s i l icon wafers were obtained from two other sources 

and the resu l t s  were a l l  similar. In  a l l ,  approximately t h i r t y  wafers were 

examined w i t h  the same resul t .  In the in te res t  of improving the forward 

characterist ic,  several surface cleaning techniques were investigated. 

These included the use of etching solutions f o r  removal of surface oxides, 

and grinding and polishing techniques fo r  exposing a clean surface layer. 

The variation i n  I - V  character is t ics  a s  a function of etching time are 

shown i n  Figure 7. 

of 10 m l  HF plus 10 ml. H 0, and an etching time of about 2 minutes was 

found t o  produce the best  results. 

whisker was repointed e lec t ro ly t ica l ly  i n  a 3 normal solution of KOH and the 

Elec t r ica l  

The etching solution used i n  t h i s  experiment consisted 

2 

After each successive etch the tungsten 

dc characterist ics were again measured. A t  l e a s t  three run-ins were made 

on each t r i a l  t o  insure a good contact. 

5 m l  HNO plus 10 m l  KOH plus 15 m l  CH COOH was t r i e d  and resulted i n  such 

severe p i t t i ng  f o r  exposures of about 5-10 seconds tha t  the surface has t o  

be repolished. Two different  means of grinding and polishing the surface 

A more powerful etch consisting of 

3 3 

of the wafer were tried. One technique involved the use of a f ine  abrasive 

stone i n  the grinding process while the other involved the use of 600 g r i t  

20 



(a)  I n i t i a l  "Rim-In" (d) 2 min, 

(b) 30 see (e )  10 min. 

Etching Solution: 

5 d H F  
(c) 12 min. + 5 d H 2 0  ( f )  30 min. 

0.5 V/div 0.5 V/div 

Figure 7. I - V  Characteristics of a "Run-In" Silicon Mixer as a 
Function of Etching Time. 
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grinding compound. 

mounting the differential screw in an inverted channel whose runners were 

ground and polished to ride on an optical flat. 

(Linde-0.3 micron) was rubbed into a small square of bond paper which was 

placed on the optical flat. The surface of the wafer was lowered into 

contact with the impregnated paper and polished with the standard figure 

eight pattern. 

grinding and polishing a new surface layer. 

5 the work of Oh1 

polished silicon surface because of the damage layer incurred in the 

grinding and polishing process. Removal of this damaged layer requires 

oxidation at a temperature of approximately 1000~ over a time interval of 

about 15 minutes. 

this research program since facilities were not readily available and the 

silicon was obtained soft soldered to a brass post. 

Polishing was accomplished in both techniques by 

The polishing compound 

Significant changes were not observed as a result of 

There is indication from 

that an optimum contact cannot be made directly to a 

An experiment of this nature was not possible during 

The formation of point-contact junctions on gallium-arsenide was 

straightforward and no difficulties were encountered. 

used was either phosphor-bronze or a gold-copper alloy; both worked equally 

well. 

with a gold-copper alloy whisker on gallium-arsenide. 

to reverse current is very high past the "knee" of curve and the constants 

of equation (1) are: A = 1.26 x lom9, and a = 22.6 volts-'. Preparation 

of the gallium-arsenide surface was similar to that of the silicon surface. 

An etching solution consisting of 15 ml HNO plus 10 m l  5 0  plus 5 m l  HF' 

was follawed by a water rinse and finally a rinse in methyl alcohol. 

The whisker wire 

Figure 8 shows the de characteristics of a typical junction formed 

The ratio of forward 

3 
The 
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whiskers were pointed i n  an undiluted solution of phosphoric acid. Elec- 

t r i c a l  forming was used t o  "weld" the junction resul t ing i n  a very s table  

diode. 

employed i n  the forming process. 

a t  3 vol t s  and increased i n  0.5 vol t  increments u n t i l  the desired charac- 

t e r i s t i c  was obtained. 

A series of current pulses derived frm a 1 pf capacitor were 

The charging voltage was i n i t i a l l y  se t  

24 



IV. DC CKARCICT~ISPIC OF ION BO-ED 

S I L I C O N  AND GALILIUM-ARSE%CDE 

The ef fec ts  of ion bombardment on a semiconductor surface can be 

characterized by a damage layer whose conductivity i s  considerably different  

from the rest of the semiconductor. The penetration of ions in to  the c rys ta l  

l a t t i c e  produces a var ie ty  of damage centers whose end resu l t  i s  measurable 

as  a change i n  conductivity. Near the surface t o  a depth of several tenths 

of a micron the conductivity may be so  low t ha t  the layer loses i t s  semi- 

conducting properties. The prof i le  of implanted ions and damage centers 

tends t o  peak i n  t h i s  region, then f l a t t e n  out and may f a l l  off quite 

abruptly, par t icular ly  i f  the direction of incidence of the ion beam i s  

para l le l  t o  a c rys ta l  axis  and channeling takes place. 

etch away the insulating surface layer leaving a well-defined semiconducting 

It i s  desirable t o  

layer with a lower conductivity than tha t  of the remaining bulk material. 

was shown by Ohl 

It 

7 and confirmed i n  t h i s  work tha t  the two primary changes i n  

the I - V  characterist ic caused by ion bombardment are a much higher back 

resistance and reverse breakdown and a higher effective contact potential. 

For example, the I-v character is t ics  of a point-contact mixer fabricated f rom 

a s i l icon wafer bombarded with 10 KeV He+ions i s  shown I n  Figure 9. 

obvious tha t  t h i s  characterist ic i s  not desirable f o r  a mixer application. 

It i s  

The "3mee" of the forward character is t ic  has been mwed out t o  about 2 vol ts  

and i s  a smooth continuous arc instead of a sharp break. The reverse break- 

down has been mwed out t o  about -10 vol t s  and the back resistance is  very 



I I 

m 
I 
0 
rl 

-? 
0 
rl 

Ln 
I 
0 
rl 

0 

43 

0 

=I- 

0 

cu 

0 

Y 
0 
rl 

c- 
I 
0 
rl 

26 



7 high--approximately one megohm. There i s  evidence i n  some of Ohl's work 

tha t  these characterist ics,  particularly the forward breakdown, can be 

improved by an annealing procedure performed simultaneously w i t h  the ion 

bombardment. 

mechanisms would be enhanced since operation as  a mixer would require a dc 

bias t o  establish the operating point a t  the "knee" of the curve and hence 

the energy of the injected charge car r ie rs  would be greatly increased. 

Even i f  t h i s  were possible, it i s  l ike ly  tha t  certain noise 

In  the process of forming junctions on the ion bombarded s i l icon 

wafers, it w a s  found t h a t  improved I-v characterist ics could be obtained 

w i t h  e lec t r ica l  forming i n  the reverse direction. 

dc w a s  applied i n  series with a current limiting res i s tor  i n  the reverse 

direction across the junction. m i l e  observing the I-V characterist ics on 

an oscilloscope, the ser ies  res i s tor  w a s  varied u n t i l  the desired resul ts  

were obtained. Figures 10 through 13 show the I-V characterist ics of reverse- 

formed junctions on ion-bombarded s i l icon a t  energies of 5, 10, 1.5 and 20 KeV. 

The constants pertaining t o  equation (1) of Section 1x1 are presented f o r  

these curves i n  Table 2 t o  provide comparison w i t h  junctions formed on 

unbombarded silicon. 

and the spreading resistance of the junction. 

junction w i t h  the same contact potential  as fo r  unbombarded s i l icon with a 

sharp "knee" i n  the forward direction. 

marginal when compared w i t h  the LH53 diode. 

these characterist ics are representative of the par t icular  materials used t o  

form the junction i n  the sense t h a t  they might be one of 10 or more similar 

In  th i s  process, 10 vol ts  

Also l isted i n  Table 2 are  the  ion bombardment parameters 

Reverse forming produced a 

The reverse breakdown, however, was 

It is  important t o  s t ress  tha t  



Ion Energy (Kev) 

0 

0 (m53) 

5 

10 

15 

20 

CHARACTERISTICS OF POINT-CONTACT JUNCTIONS 

FORMED ON SILICON B O ~ A R D E D  WITH He+ TONS 

(Total dose 300 pcoulomb 

 IO^ C u r r e n t  ( p ~ )  a (volts-l) 

0 19.9 

0 16.7 

0.32 40.0 

0.47 15.5 

0.98 31.4 

0.31 24.6 

A (@) rS (ohms) 

2.9 125 

1.58 40 

2.50 56 

2.00 83.5 

1.78 62.5 

1.00 125 
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"run-ins" made on the par t icular  wafer. 

pract ical ly  impossible t o  achieve, considerations of material costs  make a 

true s t a t i s t i c a l  analysis prohibitive. Another means of carrrparison may be 

obtained by plot t ing the r a t i o  of forward t o  reverse current as a function 

of junction voltage. 

s i l icon junctions previously discussed. Although higher r a t io s  were obtained 

with the ion-borribarded s i l icon than w i t h  the unbombarded silicon, none of 

the "run-in" junctions could match the commercial lm53 diode. 

Although exact repeatab'ikity i s  

This r a t i o  i s  conrpared i n  Figure 14 fo r  several of the 

The ef fec ts  of ion bombardment on gallium-arsenide were more d i f f i c u l t  

t o  analyze. 

could not be formed. The I-V character is t ic  f o r  the junction formed on 

gallium-arsenide bambarded w i t h  5 KeV He+ions w a s  v i r tua l ly  ident ical  t o  

tha t  sham i n  Figure 9. For higher energies, the I-V character is t ics  

deteriorated with a typical junction i l l u s t r a t ed  i n  Figure 15. 

With the exception of the 5 KeV sample, a successful junction 

The reason fo r  t h i s  behavior has not been determined although it i s  

possible tha t  the penetration and damage i n  the gallium-arsenide i s  more 

extensive than i n  s i l icon because of reduced stopping power. 

appear from the results obtained tha t  the surface insulating layer i s  much 

It would 

deeper than for silicon. 

but the r e su l t s  were the same even a f t e r  a considerable depth had been 

removed. 

as  a function of junction voltage is  shown i n  Figure 16 f o r  the gallium- 

Grinding and polishing of the surface w a s  tried, 

A comparison of the r a t i o  of forward t o  reverse junction current 

arsenide mixers and reveals the similari ty of the two curves f o r  the unbom- 

barded and 5 KeV He bombarded wafers. 4- 
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V. CONVERSION LOSS OF ION-BOMBARDED 

SILICON AND GAL1;TUM-AFGEJ!TIDE MIXERS 

The performance of the point-contact junctions formed during this 

No attempt research was evaluated by measuricg their conversion loss. 

was made to measure the noise temperature ratio--an important parameter 

in determining the noise figure of a receiver employing a mixer. 

measurements of conversion loss were made using a modification of the dc 

incremental method described by Torrey and Whitmer 

advantageous to modify their circuit and employ a differential voltmeter 

The 

23 . It was found 

to determine the change in dc current corresponding to an incremental 

change in RF power incident on the junction. Figure 17 shows a block 

diagram of the measurement set-up as found in Reference 14, and also a 

block diagram of the measurement set-up as modified for use in this work. 

The procedure is straightforward and involves the determination of two 

quantities: 

%, and (2) the change in RF power fSi? incident on the mixer. 

lation of conversion loss proceeds from the expression 

(1) the change in de current AI through a knm load resistor 

The calcu- 

1 - 

PI)" 
Lo - 

2po% np 
( 5 )  

The measurements of Lo were all made at 35 GHz with % chosen to match the 
IF impedance of the mixer. 

with the set-up shown in Figure l7(a). This occurs in the measurement proce- 

dure when the ammeter arm is unbalanced and causes a change in the input VSWR 

It was found that certain errors could be incurred 
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(a)  Standard Incremental Power Set-Up for Measuring 
Conversion Loss. 

(b) Modified 

- - 
Incremental power Set-Up for Measuring 

Conversion LOSS. 

Figure 17. Block Diagram of Standard and Modified 
Conversion Loss Measurement Set-Up. 

0-zoo v 

38 



and the  actual  power absorbed by the crystal .  This e f fec t  was  significant 

fo r  measurements a t  power levels  below about 10 mW and under cer ta in  con- 

di t ions could account fo r  changes of about 1.5 dB i n  the conversion loss .  

This potent ia l  e r ror  along with the desire t o  make measurements w i t h  a 

variable dc b i a s  led  t o  the choice of the modified set-up of Figure 17(b). 

A new 1N53 diode w a s  chosen as  a standard f o r  comparison, and Figure 18 

shows a family of conversion loss  curves as a function of power l eve l  f o r  

t h i s  diode w i t h  the dc bias as  a parameter. 

volt ,  the conversion loss of the 1N53 assumes i t s  minimum value of 7.5 dJ3 

between 0 and -t 5 dBm and r i s e s  slowly f o r  power levels  on e i ther  s-ide of' 

t h i s  range. This behavior i s  typical of point contact diodes and can be 

explained i n  terms of the tradeoff i n  power loss caused by the spreading 

resistance and the shunting e f fec t  of the bar r ie r  capacitance w i t h  increasing 

RF power. 

conversion loss  and the value of fi 

deterioration i n  the I-V character is t ics  of the remaining units. 

For bias levels  exceeding 0.1 

Ten lN53's were tes ted w i t h  the new diode exhibiting the lowest 

generally increasing w i t h  increasing 
0 

A s  one might expect from the measurement of their  I-V characterist ics,  

the conversion l o s s  of the typical s i l icon "run-in" mixer was much worse 

tha t  t ha t  of the lN53 diode. A s t a t i s t i c a l  evaluation was not attempted 

because of the relat ively small number of junctions formed and the high 

probability of forming an obviously atypical junction. 

placed on achieving the minimum repeatable conversion loss f o r  a given wafer 

by making a ser ies  of "run-ins" w i t h  a l l  the parameters controlled as care- 

The emphasis was  

fu l ly  as possible. Even with an extreme mount of care taken i n  making a 
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run-in" and an experienced technician i n  control, the  results were not 

On many occasions the I-V character is t ics  w i l l  look 

I t  

always consistent. 

promising but the WF measurements w i l l  reveal a very high conversion loss  

w i t h  very poor tangential  sensi t ivi ty .  

under a microscope w i l l  reveal a bent or blunt point, but jus t  as often the 

whisker point will be found i n  excellent condition. 

resu l t s  of conversion l o s s  measurements on a typical s i l icon "run-in" 

mixer. 

tungsten whisker. 

w i t h  15 a33 representing the most probable value. 

the lower conversion l o s s  junctions were unstable and some would degenerate 

within a day's time. 

whisker, allowing a much higher force t o  be apzlied t o  the contact. 

minimum conversion lo s s  of t h i s  mixer w a s  about the same as f o r  the mixer 

Often examination of the whisker 

Figure 19 shows the 

These junctions were formed on a p-doped s i l icon wafer using a lmil 

The minimum conversion lo s s  ranged from about 12 t o  20 dB 

It w a s  found generally tha t  

Junctions were a l so  formed using a 5 mil tungsten 

The 

using the 1 m i l  

conversion lo s s  

Along w i t h  

a lso a function 

conversion loss  

whisker; however, as shown i n  Figure 20, the variation of 

w i t h  RF power w a s  considerably different.  

RF power leve l  and dc bias, the minimum conversion lo s s  i s  

of the load res i s tor  ET. Figure 2 1  shows the dependence of 

on RT, fo r  both the s i l icon and gal l ib-arsenide mixers at  a 

fixed RF power level.  

t o  be approximately 450 ohms f o r  the s i l icon mixer and 900 ohms f o r  the 

gallium-arsenide mixer. 

These measurements reveal the optimum load resistance 

The formation of point-contact junctions on gallium-arsenide yielded 

much better conversion losses than their  s i l icon counterparts. Figure 22 

shows a family of conversion lo s s  curves obtained w i t h  a mixer whose junction 
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Figure 21. Conversion Loss as a Function of 
Gallium-Arsenide "Run-In" Mixers. 
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w a s  formed w i t h  a phosphor-bronze whisker on gallium-arsenide. The minimum 

conversion lo s s  f o r  th i s  mixer w a s  '7 a;B and s i m i l a r  results were obtained 

with a gold-coner a l loy whisker. The range of minimum conversion loss fo r  

the gallium-arsenide "run-in" mixer was  about 7 t o  10 dJ3 w i t h  reproducibility 

much higher than the s i l i con  mixer. It w a s  a l so  found tha t  the gallium- 

arsenide mixer with low conversion lo s s  w a s  much more stable i n  terms of 

shelf l i f e  and reaction t o  mechanical shock probably because of the welding 

technique used t o  form the junction. 

The conversion lo s s  of the ion-bombarded s i l icon mixers fe l l ,  w i t h  one 

exception, i n  the same range as the unbombarded s i l icon mixers. F?.gwes 23 

through 26 show the conversion lo s s  of those junctions whose I-V character- 

i s t i c s  were shown i n  Figures 11 through 14. 

the 10 KeV mixer was about 10 dB and could be reproduced within f 1 a;B by 

The minimum conversion lo s s  of 

forming junctions with similar I-V characterist ics.  

conversion loss with several parameters derived from the I-V character is t ics  

Correlation of the 

w a s  attempted. The spreading resistance was examined because of i t s  depen- 

dence on the junction area and conductivity. No meaningful correlation w a s  

found even between mixers whose bulk conductivity w a s  identical .  

spreading resistance i s  a function of the ccnductivity and junction area, one 

Since the 

would expect t o  f ind some correlation between samples having the same conduc- 

t i v i ty .  The junction capacitance i s  re la ted t o  the  conductivity by the 

expression 
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Figure 23. Conversion LOSS of a "Run-In" Mixer Emplaying 5 KeV Be+ 
Bcnribarded Silicon. 
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Figure 24. Conversion Loss of a "Run-in" Mixer Employing 10 KeV He+ 

Bonibarded Silicon. 
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Figme 25. Conversion LOSS of a "Run-In" Mixer mplcrying 15 KeV He+ 
Bombarded Silicon. 
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and a commonly used figure of m e r i t  f o r  mixer performance i s  

1 
CrsacZ 

Nk 

where b i s  the car r ie r  mobility, c i s  the d i e l ec t r i c  constant of the semi- 

conductor materials, and the other symbols were defined i n  Section 111. 

i s  desirable t o  minimize equation (7) f o r  optimum conversion loss bearing i n  

mind tha t  "a" must be chosen a s  a conrpromise between reducing the conversion 

lo s s  and providing adequate burnout protection and s tab i l i ty .  The f ac t  tha t  

the spreading resistance of junctions formed from the same semiconductor 

material could not be used t o  predict a trend i n  conversion lo s s  leads one 

again t o  the conclusion t h a t  the junction has been al tered by surface 

contamination. 

It 

The r a t i o  of forward t o  reverse junction current a t  a fixed junction 

voltage revealed a general trend although variations i n  the junction capacitance 

and spreading resistance undoubtedly prevented a d i rec t  correlation. Figure 27 

shows the dis t r ibut ion of points on a graph of the r a t i o  I I as  a function of 

conversion loss. It is  important t o  note tha t  junctions were formed w i t h  high 

IdIR r a t i o s  and l o w  conversion losses; however, no junctions were formed w i t h  

l o w  I I r a t i o s  and low conversion losses. One i s  again led t o  the  conclusion 

tha t  the proper I-v character is t ic  w i t h  a sharp knee i n  the forward direction 

and a high back resistance i s  a necessary condition fo r  achieving low conversion 

loss but by no means does it furnish a suff ic ient  condition. 

d R  

d R  





VI. CONCLUSIONS 

It has been demonstrated by th i s  work and others preceding it that 

def ini te  changes can be made i n  the rectifying properties of a point-contact 

diode by bombarding the semiconductor material w i t h  posit ive ions. The 

simplest explanation of the e f fec ts  of ion bombardment are t o  consider the 

irradiated semiconductor t o  be an inhomogeneous substance w i t h  highly stable 

well defined layers of different  conductivity. 9 P e t i t  has shown that the 

proper use of the lower conductivity layer  can result i n  an improved con- 

version loss a t  70 GHz. 

t r o l  both the thickness of the lower conductivity layer  and the bulk 

conductivity of the semiconductor t o  achieve the desired resul t .  It is  a l so  

evident tha t  the preparation of the semiconductor surface i s  c r i t i c a l  t o  the 

H i s  analysis reveals that  one must be able t o  con- 

formation of a good point-contact junction, par t icular ly  a t  the millimeter 

wavelengths. 

A s  i n i t i a l l y  proposed, the major portion of t h i s  program w a s  devoted t o  

constructing an experimental f a c i l i t y  t o  carry out the ion bombardment, and 

i n  making preliminary measurements t o  evaluate the performance of a millimeter 

wave mixer fabricated from the ion bonibarded semiconductor. 

i n  understanding the factors  contributing t o  the formation of l o w  conversion 

Progress w a s  made 

loss  mixers and the enhancement of these factors  by the process of ion bombard- 

ment. 

made i n  t h i s  work of the e f fec ts  of varying cer ta in  material parameters; 

The measurements were preliminary i n  nature, and fu l l  use could not be 

however, the junctions formed on ion bombarded s i l icon  were shown t o  have some 

promising characterist ics.  For example, the conversion lo s s  of a mixer 
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emplaying helium bolribarded s i l icon was found t o  have the lowest conversion 

loss  of any s i l icon junction formed during t h i s  work. 

ment shown by th i s  mixer whose junction was  formed on s i l icon bolribarded by 

10 KeV He ions could be the r e su l t  of several radical ly  different  phenomena. 

It has not yet been established whether the internal  damage sites caused by 

the ion bombardment, the actual implanted ion, or  the surface damage i s  the 

primary cause of the change i n  RF characterist ics.  I n  view of the improved 

I-V character is t ic  obtained f o r  t h i s  mixer, it i s  possible tha t  bolribardment 

w i t h  low energy ions (1-10 Kev) might play a major ro le  i n  surface cleaning 

by the sputtering process. 

up several changes i n  the semiconductor preparation techniques which w i l l  

benefit  future research. These changes would involve the operations of 

f inal  surfacing and ion bonibardment on the unmounted wafer instead of a 

premounted wafer. 

The re la t ive  improve- 

-I- 

The preliminary measurements a l so  served t o  point 

A def ini t ive answer t o  the question of whether ion-bonibardment can be 

used t o  enhance conversion loss i n  the millimeter wave region w i l l  require 

very careful control and f l e x i b i l i t y  i n  preparing the semiconductor f o r  use 

i n  the mixer. 

t ra t ion  and impurity levels  i n  the semiconductor and be equipped t o  perform 

high temperature oxidation of the surface t o  expose the c rys ta l  l a t t i ce .  

addition it would be desirable t o  have the capabili ty of carrying out an 

annealing procedure simultaneously with the ion-bombardment. Heavier ions 

should be investigated t o  determine whether penetrabil i ty o r  momentum transfer 

i s  the most effective means of creating a stable well defined l o w  conductivity 

layer. 

One should be able t o  specify accurately the dopant concen- 

In  

It i s  possible tha t  conversion loss measurements made a t  higher 
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frequencies w i l l  be more meaningful since the conversion loss would be more 

sensit ive t o  the junction capacitance and hence the bulk conductivity i n  

th i s  region. 

The measurements begun during this research e f fo r t  should be pursued 

t o  the point of def ini te ly  establishing the value of ion banibardment as a 

possible technique fo r  reducing the conversion loss  of millimeter wave 

mixers. The promise of greatly increased s t a b i l i t y  f o r  devices u t i l i z ing  

ion bombarded semiconductor material would i n  itself provide jus t i f ica t ion  

fo r  fur ther  investigation. 
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